understanding the chemical (rather than physical) properties of the particles, The data presented in this manuscript are all obtained during MS mode only.
The SP-AMS used in this experiment sampled alternate runs with the intracavity 1064 nm laser turned ON/OFF to allow for comparison of the mass spectra measured with and without the laser vaporization source. With the laser turned off, the instrument is configured as a traditional AMS, with the conical 600 C vaporizer as the only means for vaporizing the particles. The expectation is that with the laser turned OFF, lower-volatility (refractory) components within the particles will not be vaporized or detected. For the results presented here, the intracavity laser was turned on at all times.
The HR-TOFMS has two ion path length settings denoted 'W' mode and 'V' mode [12] . In 'W' mode the ion transmit path length is longer resulting in higher mass resolution (~ 5,000 up to m/z = 200) but lower ion throughput to the detector (lower sensitivity). The relatively shorter ion path length in 'V' mode results in a mass resolution of ~ 2,100 (up to m/z = 200) and greater ion throughput (higher sensitivity). The results presented here were all obtained with the SP-AMS in V mode. The SMPS was set to scan every 120 seconds throughout the experiment. The sheath flow to aerosol flow was held at 10:1 with the exception of the validation experiment discussed in section 4.3.
Test Matrix and Procedures.
The lubricant used in this study was a SAE 15W-40 commercially available CJ-4 diesel engine oil. Table 2a lists the elemental composition of the CJ-4 oil [14] . The Cummins ISB and burner system were fueled with ultra-low sulfur diesel (ULSD, 15 ppm S). The elemental composition of the ULSD is shown in Table 2b [14] . During the instrument validation phase of the experiment, the diesel burner/oil injector system was used to produce stable distributions of combustion particles formed via careful control of the CJ-4 oil injection rates. Two validation experiments were conducted. In the first experiment, the oil injection rate was systematically increased and the polydisperse distribution of combustion particles was sampled with the SP-AMS and SMPS systems. In the second experiment, the oil injection rate was held constant and the DMA was used to size-select d m ~ 100 nm particles prior to sampling with the SP-AMS and SMPS systems. In this set of experiments, the mass concentration was controlled by varying the sheath flow rate in the DMA.
The objective of the first validation experiment was to determine if the SP-AMS could detect lubricant-derived metal species under conditions characterized by extreme, and known, oil consumption simulated with the accelerated ash loading system. The objective of the second series of validation experiments was to determine if the ion response of the SP-AMS was linear with total particle mass.
Following system validation using the accelerated ash loading burner, the SP-AMS was used to characterize particulate ash species from real diesel engine exhaust. In these tests, the Cummins ISB engine was used as the source and emission profiles were measured across a range of engine speed and load conditions. The primary objective of these initial engine experiments was to determine the ability of the SP-AMS to positively identify the low-level additive-related emissions in actual engine exhaust at a qualitative level. Subsequent studies will focus on developing quantitative calibrations based on the results of this feasibility study. rate. This observation is consistent with the fact that the CJ-4 oil is the main source of these metallic species. The calcium ion signals follow a different trend. Calcium ion signals peak at an injection of 3.2 mL/min and decline with higher injection rates. Currently the reason for this declining trend is unclear; however it is possible that some of the calcium may be preferentially deposited inside the burner/exhaust sampling system or instrument. Nonetheless, the relative proportion of the Ca and Zn ion intensities at the oil injection rate of 3.2 mL/min is roughly consistent with their proportion in the lubricating oil. For each volume concentration shown in Figure 5 , the zinc, calcium, magnesium, phosphorus/phosphate, and sulfate ion signals were obtained with the SP-AMS. Figure 6 displays the ash signal intensities as a function of the total mass concentration, calculated from the SMPS distributions shown in Figure 5 (assuming spherical particles with a density of 1 g/cm 3 ). 
RESULTS AND DISCUSSION

Resolving
